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PREFACE
This thesis is comprised of two separate works which both deal with 
the topic of temperature adaptation in seagrasses. The first project 
deals with interspecific differences in the photosynthetic responses to 
temperature of two species, Zostera marina and Ruppia maritima, which 
coexist in the lower Chesapeake Bay, Virginia. The second work 
addresses intraspecific adaptations of morphology, growth and photosyn­
thesis to temperature in two disjunct Massachusetts populations of 
Zostera marina.
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I. PHOTOSYNTHETIC TEMPERATURE ADAPTATION IN TWO COEXISTING 
ZOSTERA MARINA L. AND RUPPIA MARITIMA L.
IN THE LOWER CHESAPEAKE BAY, VIRGINIA
SEAGRASSES,
x
ABSTRACT
The physiological responses to temperature were investigated in two 
coexisting seagrasses, Zostera marina L. and Ruppia maritima L., from 
the lower Chesapeake Bay, Virginia. Seven plant collections were made 
from March through July, 1983 at ambient temperatures of 8 to 30 C. 
Both species maintained relatively constant water contents and chloro­
phyll a to b ratios over the course of the study. However, the total 
chlorophyll content (on a wet weight basis) of Ruppia more than doubled 
from March to July, while the chlorophyll content of Zostera remained 
fairly constant. Ruppia was also photosynthetically more responsive to 
ambient temperature; Zostera had a threefold greater capacity to 
maintain similar chlorophyll-based photosynthetic capacities over a 
range of temperatures. Ruppia exhibited a higher optimal temperature 
range for photosynthesis than Zostera for measurements based both on 
chlorophyll and weight. Weight-based measurements showed that the 
competitive advantage shifted from Zostera at lower temperatures (<23 C) 
to Ruppia at higher temperatures (>23 C). Measurements made at 10 C 
above ambient temperatures also indicated that photosynthetic tempera­
ture acclimation occurred: Q^q values for both species decreased as
ambient temperature rose. The differential capacities for thermal 
acclimation in these populations of Zostera and Ruppia were correlated 
with their seasonal growth activities. Thus, the coexistance of the two 
species in lower Chesapeake Bay may be regulated by temporal resource 
partitioning.
PHOTOSYNTHETIC TEMPERATURE ADAPTATION IN TWO COEXISTING SEAGRASSES, 
ZOSTERA MARINA L. AND RUPPIA MARITIMA L . ,
IN THE LOWER CHESAPEAKE BAY, VIRGINIA
INTRODUCTION
The distribution and production of temperate seagrasses are reg­
ulated by many factors. Light intensity has been implicated as the 
principal limiting factor in estuarine regions where submarine light may 
be considerably attenuated (Zieman and Wetzel, 1980). The daily period 
of photosynthetically saturating intensity may also account for the 
regulating effect of light (Dennison and Alberte, 1982; Clough and 
Attiwill, 1980). The effect of photoperiod has been investigated pri­
marily in relation to flowering, which appears in some species to be 
favored by intermediate daylengths (McRoy and McMillan,.1977). Sediment 
nutrient availability may be limiting to production in some populations 
but not in others (Orth, 1977; Bulthuis and Woelkerling, 1981; Short, 
1983a; Iizumi et a l ., 1982), and may influence the spatial structure of 
grassbeds (Short, 1983b). Species and populational differences in
temperature tolerance ranges may vary considerably (Biebl and McRoy, 
1971; Penhale, 1977; Drew, 1978, 1979; Wetzel and Penhale, 1983;
Bulthuis, 1983), however the importance of temperature is usually
assessed as secondary. Most species have relatively wide ranges of 
tolerance to salinity (McMillan and Moseley, 1967; Biebl and McRoy, 
1971; Richardson, 1980). Grazing by waterfowl and invertebrates has been 
documented for some populations (Nienhuis and Van Ierland, 1978; Jacobs 
et a l ., 1981; Wilkins, 1982), but is probably of only limited
importance. Water currents may limit growth at low velocities by de­
creasing gaseous diffusion (Westlake, 1967; Conover, 1968), and at high
2
3velocities by scouring (Fonseca et al., 1982). The relative importance 
of these factors is dependant upon the particular characteristics of 
the habitat and species in question.
Although total solar insolation is generally considered to be the 
principal factor regulating the spatial distribution of temperate sea­
grasses, numerous factors may be important in regulating temporal
distribution. Seasonal variations in production may be adequately 
explained by annual changes in irradiance in habitats such as those in 
Danish waters, which are characterized by relatively stable nutrient 
environments and narrow temperature ranges (Sand-Jensen and Borum, 
1983). In other regions, such as near Victoria, Australia, seasonal
sediment nutrient dynamics may be correlated with growth patterns
(Bulthuis and Woelkerling, 1981). Temperature may play a major role in 
regulating temporal variability in environments which have a wide 
temperature range.
The lower Chesapeake Bay seagrasses, Zostera marina L. and Ruppia 
maritima L., are commonly found growing together. The areas in which 
they coexist are spatially defined by the depth distributions of the two 
species. The depth distributions, in turn, appear to be controlled by 
species light requirements. Ruppia and Zostera may be considered as sun 
and shade species, respectively, relative to one another (Wetzel and 
Penhale, 1983). The former has a greater light optimum than the latter. 
The temporal distributions of the two species are quite distinct (Orth 
et al., 1979). Zostera aboveground biomass is bimodally distributed with 
a peak in late spring or early summer, a mid- to late-summer decline, 
and a second smaller peak in the fall (Orth and Moore, 1982). Thus
4Zostera may be considered a 'cool season' species. Ruppia is a 'warm 
season' species: it has a unimodal aboveground biomass distribution
pattern with a summertime peak .
Temporal separation of the growth activity of coexisting terres­
trial species is common in temperate regions (Berry and Raison, 1980). 
The role of photosynthetic temperature acclimation in regulating the 
seasonal community dynamics of sympatric species has been investigated 
in prairie graminoids (Williams, 1974; Monson and Williams, 1982; Monson 
et al., 1982). Species differences in the potential for temperature 
acclimation led to seasonal differences in photosynthetic capacities, 
resulting in temporally offset growth patterns and resource utilization* 
Thus interspecific competition was reduced.
The purpose of this study was to compare the photosynthetic 
responses of Zostera and Ruppia in order to investigate photosynthetic 
temperature adaptation as a basis for temporal species separation of 
growth activity. Photosynthetic and other physiological characteristics 
were determined over a range of ambient temperatures. To further exam­
ine physiological differences between the species, photosynthetic 
responses to short-term changes in temperature were also measured.
5MATERIALS AND METHODS 
Collection Site
Plants were collected from March through July 1983 in an extensive 
grassbed located along the northern shore of the York River mouth in the 
lower Chesapeake Bay, Virginia (Figure 1). This shoal area (<1.5 m MLW) 
of approximately 300 hectares is vegetated predominately by Zostera 
marina (Orth et al., 1979). Ruppia maritima occurs in shallower, more 
protected regions and, at intermediate depths, the two species coexist. 
A collection station was established approximately 100 m from shore in 
approximately 0.75 m (MLW) water. A mixed bed of Zostera and Ruppia 
inhabits this area.
Environmental parameters in the lower Chesapeake Bay may vary
considerably over the course of a year. Monthly averages of total daily
—2 —1 —2 —1 insolation increase from 15 E m day in January to 47 E m day in
July (R. L. Wetzel, personal communication, 1984). Although the 
coefficient of submarine light attenuation is highest in summer and 
lowest in winter (Van Tine and Wetzel, 1982), calculated submarine 
intensities at the top of seagrass canopies increase during winter and 
spring (R. L. Wetzel, personal communication, 1984). Water temperature 
may range annually from 1 to 30 C; monthly averages over 30 years in­
crease from 4 C in January and February to 26 C in July and August. 
Salinity in this area generally ranges from 15 to 25 °/oo.
6Figure 1. Map of the collection site.

7Plant Material and Treatment
Sediment plugs containing whole Zostera and Ruppia plants were
removed by hand. Roots and rhizomes were rinsed free of sediment, and
kept in seawater in the dark for transport to the laboratory. The
plants were held in an aquarium in aerated seawater from the collection
site. Water temperatures were maintained to + 1 C of those measured in
—2the field at the time of collection. Surface irradiance of 150 pE m 
sec”  ^ photosynthetically active radiation, measured with a quantum 
radiometer (LiCor, U.S.A.), was provided by cool-white fluorescent 
bulbs. The light:dark cycles were adjusted to those prevailing at the 
time of collection. Plants were maintained under these conditions for 
no longer than seven days.
Experimental Protocol 
Seawater from the collection site was filter-sterilized (0.45 pm), 
sparged with N 2 , and decanted into 33 ml incubation tubes, which were 
placed in a temperature controlled ( + 1  C) incubator. Light in the 
incubator was provided by fluorescent Vita-Lite bulbs; the intensity in 
five separate compartments of the incubator was reduced by approximately 
100, 98, 80, and 50% with opaque and neutral density filters. The
incubation chamber was placed on a shaker table set at 50 oscillations 
per minute.
Leaf tips (20 to 80 mg wet weight), which were free of visible 
epiphytes, were selected for photosynthesis measurements and held for 30 
minutes in filtered, sparged seawater to reduce the dissolved oxygen 
(O2 ) content of the tissue. The excised Zostera or Ruppia samples were 
then placed in incubation tubes in each of the incubator compartments.
8After approximately 120 minutes, the tissue was removed from the tubes, 
and O 2 measurements were made with a Clark-type polarographic electrode 
(Orbisphere Laboratories Inc., Switzerland). Initial O 2 values were 
determined from seawater media in control tubes which did not contain 
plant tissue.
Wet weights (weight after blotting) were recorded, and the samples 
were then frozen and lyophilized at -80 C and 200 millitorr so that dry 
weights could be determined. Chlorophylls a. and Id of the lyophilized 
samples were determined spectrophotometrically (Jeffrey and Humphrey, 
1975) after extraction by grinding in 90% (v/v) acetone.
Experimental design and statistical treatment
Photosynthesis versus irradiance (P vs I) relationships were deter­
mined for both Zostera and Ruppia at the following water temperatures 
which were measured in the field at the time of collection: 8, 12, 14, 
19, 23, 26, 30 C. In addition, P vs I curves were generated at tempera­
tures 10 C above ambient for all but the highest two collection tempera­
tures. Photosynthetic rates at each light intensity were calculated as 
the mean +_ SE of seven replicates. Light-saturated rates (Pmax) for
each species were determined as gross photosynthesis for the highest
measured rate at each measurement temperature. A linear regression of
—2 — 1rates at 0 and 10 or 15 pE m sec was used to calculate alpha, the
initial slope. Values of 1^ were derived from the regression as the
intersection of the initial slope with ^max* Physiological charac­
teristics such as the wet to dry weight ratio were calculated as the 
mean +_ SE of 30 to 70 samples for each species at each collection
temperature.
9Statistical tests were performed using Subprogram T-Test of the 
Statistical Package for the Social Sciences, Update 9 (Nie et a l ., 
1975). Tests for significant differences between species for each 
collection were conducted for variables ^max> wet to ^ry weight ratio, 
chlorophyll a_ to _b ratio, and total chlorophyll per wet weight. For 
each species, tests were also performed between Pmax and temperature 
treatments. For all tests, a significance level of 0.05 was chosen.
10
RESULTS
Physiological characteristics 
Physiological characteristics of Zostera and Ruppia measured over 
the time period and temperatures sampled are presented in Table 1. The 
water content, as expressed by the ratio of wet to dry weight, was 
significantly (P<0.05) greater for Ruppia than for Zostera for each 
collection. The range of values for Zostera (3.9 to 4.8) was over twice 
the range of values for Ruppia (5.4 to 5.8), however neither species 
showed any trend in water content over time. The ratio of chlorophylls 
a_ to _b was also significantly higher for Ruppia than for Zostera for 
each collection. Values ranged from 2.3 to 2.7 for Zostera and from 2.6 
to 3.4 for Ruppia. The two species also differed in total chlorophyll 
content in relation to the wet weight. Ruppia had a fourfold greater 
range than Zostera. Zostera values ranged from 1.4 to 1.6 mg chi g- 
wet- ;^ values for Ruppia increased from 0.7 mg chi g-wet”  ^ in March at 
8 C to 1.5 mg chi g-wet  ^ in July at 26 C. For all collections except 
the last two, corresponding to temperatures of 26 and 30 C, Zostera had 
a greater total chlorophyll content than Ruppia.
Photosynthetic responses to ambient temperatures 
Zostera and Ruppia differed in the relationship between wet weight- 
based Pmax values and ambient temperature. Ruppia had an almost three­
fold greater range of Pmax values than Zostera (Table 2). The 
lowest measured Pmax values were 0.54 pmol 0£ g-wet  ^ min  ^ at 8 C for
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Zostera and 0.26 pmol O2 g-wet*~^ min-  ^ at 8 C for Ruppia. Although the 
lowest Pmax values for both species was at 8 C, the temperatures at 
which the highest Pmax was measured were different. Zostera displayed 
its highest rate of 0.74 pmol 0£ g—wet  ^ min  ^ at 19 C, whereas Ruppia
displayed its highest rates of 0.83 pmol 0£ g-wet  ^ min  ^ at both 26
and 30 C. At temperatures of 8 through 19 C, Zostera had a higher Pmax 
than Ruppia. The two species had similar Pmax values at 23 C, and at 
higher temperatures, Ruppia had the higher Pmax (Figure 2).
Ruppia displayed the greater within-species differences in photo­
synthetic capacity with respect to ambient temperatures (Figure 3). 
Zostera P_Q„ values at 19 and 23 C were not different from one another,
■ IH d X
but were different from the values at lower temperatures and from the
value at 26 C. The Pmax measured at 30 C was not significantly
different from that at any other ambient temperature. Ruppia Pmax
values at 23, 26 and 30 C were not different from one another but were
different from the rates at all other measurement temperatures. The
photosynthetic capacity measured at 19 C was different from all others,
and so was the value at 8 C. Pm „„ values at 12 and 14 C were similar.max
The two species also differed in the temperature dependence of 
chlorophyll-based Pmax measurements. Ruppia had a twofold greater range 
of Pmax values in response to ambient measurement temperatures than 
Zostera (Figure 4). As was the case for wet weight-based Pmax values, 
both species exhibited the lowest Pmax at the lowest temperature 
measured (Table 2). The highest photosynthetic capacities of 0.50 pmol 
O 2 mg chl-  ^ min-  ^ for Zostera and 0.67 pmol O 2 mg chi” '*' min-  ^ for 
Ruppia were measured at 19 and 23 C, respectively. Di^Je-ren<^es between
/  l i b r a r y  \
/  of the \
j IN S T IT U T E  )
\ i
14
Figure 2. The temperature dependence of wet weight-based gross
photosynthetic capacity in Zostera (— o— ) and Ruppia (*--X ). Plants
were collected and measured at the temperatures indicated. Plotted 
values represent the mean of 7 replicates. The vertical bars represent 
+ SD.
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Figure 3. Matrices of differences in wet weight-based photosynthetic 
capacities between temperature treatments for Zostera (A) and Ruppia 
(B). Shaded blocks indicate significant (P<0.05) differences between 
means of the indicated measurement temperatures.
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Figure 4, The temperature dependence of chlorophyll-based gross
photosynthetic capacities in Zostera (— o— ) and Ruppia (  X— ).
Temperatures indicate both collection and measurement temperatures. 
Plotted values represent the mean of 7 replicates and +_ SD are 
indicated by vertical bars*
1.0 r
0.2
10 20 30
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the two species occurred at the three highest temperatures, and also at 
12 C. In each case, Ruppia exhibited the higher Pm a x •
Within-species differences in chlorophyll-based Pmax were greater 
for Ruppia than for Zostera (Figure 5). For Zostera, Pmax at 19 C was 
different from values at the lowest three temperatures and from the 
value at 26 C. P at all other temperatures were indistinguishable
QlcLX
from one another. Ruppia Pmax values at 19, 23, 26 and 30 C were not
different from one another, but were different from all other values.
Pm „v at 14 C was not different from values at 12 and 8 C.in  CL-A.
The ranges and means of photosynthetic efficiencies, or alpha 
values, were similar for the two species (Table 3). Zostera values 
increased more than 1.5 times from 8 C to 19, 23 and 30 C. However,
alpha was lower at 26 C than at 23 or 30 G. Ruppia alpha values were
more variable with respect to temperature: the highest alpha occurred at 
30 C, and the lowest at 12 C. Ruppia also had a lower alpha at 26 C 
than at 23 or 30 C.
1^ ranged from 28 pE m-^ sec~"^ at 30 G to 46 pE m""^  sec-  ^ at 26 C
—2 —  1for Zostera. For Ruppia, the range was greater: 39 to 72 pE m sec . 
1^ values of the two species were not statistically compared for each 
measurement temperature because only a single estimate of 1^ was calcu­
lated for each temperature. However, the absolute values were higher 
for Ruppia in each case (Table 3). Furthermore, the mean of 1^ . values 
measured at all ambient temperatures was approximately 1.5 times higher 
for Ruppia than for Zostera.
18
Figure 5. Matrices of differences in chlorophyll-based photosynthetic 
capacities between ambient temperature treatments for Zostera (A) and 
Ruppia (B). Shaded blocks represent significant (P<0.05) differences 
between means of the indicated measurement temperatures•
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Photosynthetic responses to temperatures above ambient 
Both chlorophyll- and weight-based Pmax values of Zostera were 
higher when measured at 10 C above ambient than at ambient temperatures 
(Table 4). The Q^q , defined as the ratio of photosynthetic rate at one 
temperature to the rate at a temperature 10 C lower, was 1.7 for 
chlorophyll—based Pmax measured at 8 and 18 C. The Q 10 decreased as
ambient temperature rose, so that at an ambient temperature of 23 C,
Q jLq was 1.4. Similar relationships were noted on a wet weight basis: 
Q^q decreased from 1.7 at an ambient temperature of 8 C to 1.3 at 19 C.
The chlorophyll-based photosynthetic capacities of Ruppia (Table 
5), with the exception of the 23/33 C pair, were higher when measured at 
10 C above ambient than at ambient temperature. Q^q was similar at
ambient temperatures of 8 through 19 C, but was much lower at 23 C.
Ruppia also had higher weight-based Pmax values when measured at temper­
atures 10 C above ambient (Table 5). However, the Q^q for weight-based 
measurements showed no trend in relation to ambient temperature.
Zostera photosynthetic efficiencies (Table 6) were more variable 
at the higher temperatures than at the ambient temperatures (Table 3). 
In some cases, such as at 12 and 22 C, alpha was lower when measured at 
10 C above ambient than at ambient temperature. In other cases, such as 
19 and 29 C, alpha was higher at the higher temperature. The mean of 
all alpha values measured at 10 C above ambient was 0.0111, which may 
be compared to 0.0113 for the corresponding ambient temperatures.
As was seen for Zostera, the initial slopes for Ruppia were in some 
cases higher at ambient temperature, and in other cases higher at 10 C 
above ambient. The mean of 0.0105 at the higher temperatures (Table 6)
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was similar to the mean of 0.0091 at the corresponding ambient
temperatures (Table 3).
Values of 1^ for measurements made at 10 C above ambient tempera-
—2  —Itures ranged for Zostera from 43 to 84 pE m sec , and in all cases,
1^ was higher when measured at 10 C above ambient temperature. Ruppia
—2 —  1values ranged from 53 to 92 pE m sec , and with the exception of the
23/33 C pair, were higher at the higher temperatures. As was the case
for measurements made at ambient temperatures, the mean of all 1^ values
measured at 10 C above ambient was higher for Ruppia than for Zostera.
Differences between the above ambient temperature Pmax values for
each species are presented graphically in Figure 6. For Zostera, the
weight-based P„,„,, value at 24 C was different from all others, and the° max ’
value at 33 C was different from all others except 29 C. On a chloro­
phyll basis, Zostera had fewer differences between treatments; only the
value at 29 C was different from any others. Weight-based values of
PmaX f°r Ruppia were not different at 22 and 24 C, or at 29 and 33 C.
Values at all other temperatures were different from one another. 
Ruppia Pmax values based on chlorophyll were, with two exceptions, 
different from one another.
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Figure 6, Matrices of differences in photosynthetic capacities between 
measurement temperature 10 C above ambient. Shaded blocks represent 
significant (P<0.05) differences between means of the measurement 
temperatures indicated for: (A) Zostera, weight-based; (B) Zostera,
chlorophyll-based; (C) Ruppia, weight-based; (D) Ruppia, chlorophyll- 
based.
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DISCUSSION
Several problems are associated with the use of the O 2 evolution 
method for estimating productivity in submerged angiosperms. Difficul­
ties may arise from the effects of lacunal gas retention, mitochondrial 
respiration and photorespiration by the angiosperm, and the exchange of 
gases by other organisms (Zieman and Wetzel, 1980; McRoy and McMillan, 
1977). The effect of epiphytes was discounted as negligible by using 
only tissue which was free of visible epiphytic growth. Filter- 
sterilization of the media effectively excluded free-living microbial 
autotrophs and heterotrophs. Rates of mitochondrial respiration were 
assumed to be identical in the dark and light. Photorespiratory 
activity may be considerable in freshwater angiosperms (Hough, 1974; 
Hough and Wetzel, 1978; Sondergaard and Wetzel, 1980), but this issue 
has not been addressed for the species Zostera marina and Ruppia 
maritima. In order to correlate rates of O 2 evolution with photosynthe­
sis, photorespiration was assumed to be negligible.
The rate of photosynthesis may be underestimated by the retention 
of O 2 in the extensive lacunal system of these plants (Hartman and 
Brown, 1967; Zieman and Wetzel, 1980; McRoy and McMillan, 1977). Rapid 
mixing of the media promotes equilibration of O 2 between the plant cells 
and the water (Kelly et al., 1981; Bulthuis, 1983) by decreasing the
gaseous diffusion resistivity (Smith and Walker, 1980). Rapid mixing 
not only facilitates the diffusion of O 2 from the plant to the media, 
but also increases the availability of CO2 to the plant. In the present
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study, mixing was produced by agitation of the incubation tubes contain­
ing the plant tissue. This may not have been sufficient to achieve 
maximal rates of gaseous diffusion between plant cells and seawater 
media. However, the constancy of the possible error does allow compari­
sons of photosynthesis in the two species examined.
The present data are presented as gross photosynthesis rather than 
net photosynthesis because experimental error precluded a reliable 
assessment of mitochondrial respiration. Respiration rates reported in 
other seagrass studies generally range from 10 to 30 % of net photosyn­
thesis (Dennison and Alberte, 1982; Biebl and McRoy, 1971). In the 
present case, estimates of respiration were a considerably lower 
percentage (<3) of net photosynthesis, and in some cases the change in 
oxygen in the dark was positive. This may have been the result of oxygen 
storage in the lacunae. Consequently, the oxygen values measured in the 
dark were treated as controls, and subtracted from the net
photosynthesis values to yield gross photosynthesis.
These chlorophyll- and weight-based rates of gross photosynthesis 
were within the range of rates obtained by other workers. In the
present study, ambient temperature rates based on chlorophyll ranged 
from 0.36 to 0.50 pmol O 2 mg chl-  ^ min”  ^ for Zostera and from 0.39 to
0.67 pmol O 2 mg chl-  ^ min”  ^ for Ruppia. Dennison and Alberte (1982)
reported rates of gross photosynthesis ranging from 0.40 to 0.60 pmol O 2  
mg chi- '*’ min- '*' for Zostera from Cape Cod, Massachusetts. Rates of 0.40 
to 1.04 pmol O 2 mg chl~^ min  ^ were measured for the Australian sea­
grass, Heterozostera tasmanica (Bulthuis, 1983).
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Weight-based rates of photosynthesis in submerged angiosperms have 
been reported primarily as carbon gain per unit dry weight per unit 
time. Reports of Zostera productivity range from 0.11 to 2.2 mg C g- 
dry- * hr- * (McRoy and McMillan, 1977). When expressed in terms of 
carbon gain by assuming a photosynthetic quotient of 1.25, the present 
rates ranged from 0.82 to 2.77 mg C g-dry- * hr- * for Ruppia and 1.33 to 
2.00 mg C g-dry-* hr- * for Zostera (Table 7). These values are similar 
to rates of 1.13 to 2.82 and 0.96 to 3.85 mg C g-dry * hr * reported for 
other Chesapeake Bay populations of Zostera and Ruppia, respectively 
(Wetzel and Penhale, 1983).
The values for alpha and 1^ reported in the present study were
higher and lower, respectively, than other reported values for seagrass-
es (Penhale, 1977; Drew, 1978, 1979; Bulthuis, 1983). Wetzel and
Penhale (1983) reported Zostera and Ruppia alpha values of about one-
half those reported here, and 1^ values approximately 6 times those
reported here. These discrepancies may be at least partially explained
by differences in methods of calculation. The present initial slopes
were calculated from the steepest portion of the curve at the lowest
light intensities, while Wetzel and Penhale used rates at light
—2 —  1intensities of up to 80 pE m sec . Consequently, 1^ values, which 
were calculated as the intercept of Pmax and alpha, were higher than 
those reported here. However, the relationships between the two species 
were similar in both of these Chesapeake Bay studies: Zostera had lower
1^ and higher alpha values than Ruppia.
The anomalously low alphas at 26 C for Zostera and Ruppia may be 
due to the deleterious effect of prolonged exposure to high tempera-
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tures. The 26 C collection was made after the 30 C collection; thus the 
plants collected at 26 C had been exposed to relatively high tempera­
tures for a longer period of time. Photosynthetic response may change 
after prolonged exposure to a given temperature regime (Berry and Raison 
1981). Furthermore, if photosynthetic capacity and biomass are assumed 
to respond similarly to temperature, the leaf sloughing of Zostera in 
the grassbed at that time supports the concept of long-term high temper­
ature stress in this species. Annual mortality of Zostera has been 
associated with high summertime temperatures at several locations 
(Marsh, 1970; Thayer et al., 1975; Penhale, 1977, Orth and Moore, 1982).
Zostera and Ruppia each maintained a fairly constant ratio of wet 
to dry weight over the period of time sampled. Consequently, the rela­
tionship between light-saturated photosynthesis and temperature of the 
two species was similar for both wet and dry weight-based measurements. 
On a wet weight basis, Zostera had a significantly greater at
■ ■ ■ ■ 1 t IQclX
temperatures below 23 C, while Ruppia had higher rates at temperatures 
above 23 C. The same pattern is apparent for measurements based on dry 
weight: the competitive advantage shifted from Zostera at lower
temperatures to Ruppia at higher temperatures.
The same trend did not hold for chlorophyll-based measurements. At 
temperatures for which there was a significant difference between the 
two species, Ruppia had the higher Pmax« This occurred not only at the 
higher temperatures (23, 26 and 30 C ) , but also at 12 C.
The differences between weight- and chlorophyll-based measurements 
may be explained by the total chlorophyll content of the two species. 
For Zostera, the amount of chlorophyll per unit weight remained
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relatively constant over the period of time sampled, so the relationship 
between weight- and chlorophyll-based Pmax remained relatively constant 
(Figure 7). However for Ruppia , the chlorophyll content more than 
doubled from 8 C to 26 C (Figure 8). At temperatures below 23 C, Uld^
was higher on a chlorophyll basis than on a weight basis, while the 
reverse was true at temperatures above 23 C.
The differences in pigment content between the two species may have 
been affected by a number of factors. The effect of light intensity on 
algae and terrestrial plants has been well documented: most species
adapt to low light by increasing the total chlorophyll content (Bjorkman 
and Holmgren, 1963; Boardman, 1977). Many submerged angiosperms which 
have been investigated also increased pigmentation with decreasing 
light, although the intensity of the response varied considerably from 
species to species (McMillan and Phillips, 1979; Wiginton and McMillan, 
1979; Dennison, 1979; Barko and Filbin, 1983). Temperature may also 
have a direct effect upon chlorophyll content (Patterson, 1980). Barko 
and Filbin (1983) demonstrated increased chlorophyll content with in­
creased temperature in two of three freshwater angiosperms investigated 
but the response to temperature was less significant than the response 
to light intensity. Other environmental factors such as nutrient en­
vironment and length of day (Drew, 1978) may also affect chlorophyll 
content. Ontogeny (Drew, 1979), leaf morphology (Spence and Chrystal, 
1970) and populational differences (McMillan and Phillips, 1979) have 
also been suggested as factors affecting the total pigment content of 
submerged angiosperms.
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Figure 7. The relationship between chlorophyll-based (— •— ) and weight-
based ( o ) gross photosynthetic capacities and total chlorophyll
content (— • ) in Zostera. Chlorophyll values represent the mean of 30
to 70 samples •
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Figure 8 . The relationship between chlorophyll-based (— X— ) and weight-
based ( ®  ) gross photosynthetic capacities and total chlorophyll
content (---□— ) in Ruppia. Chlorophyll values represent the mean of 30 
to 70 samples•
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The extent to which environmental and intrinsic factors may have 
influenced total chlorophyll content of these field-collected samples of 
Zostera and Ruppia cannot be conclusively determined. However, of the 
environmental factors, light and temperature may be assumed to be of
primary importance. Since submarine light intensities increase during 
winter and spring to the highest annual values in the summer, any effect 
of light would be to induce decreases in chlorophyll content. The
chlorophyll content of Ruppia changed in a direction opposite to that
expected to be caused by light. Hence, changes in Ruppia pigment may 
have been due to temperature. Since these two lower Chesapeake Bay 
species coexist, it may be concluded that total chlorophyll content is 
more responsive to environmental conditions in Ruppia than Zostera.
The response of pigment composition to light intensity appears to 
be more variable in submerged angiosperms than in terrestrial plants. 
Terrestrial plants commonly decrease the ratio of chlorophylls a to b in 
response to decreased light (Bjorkman and Holmgren, 1963). Some
submerged species also displayed this response, although to a lesser 
degree (Wiginton and McMillan, 1979; Barko and Filbin, 1983). However, 
other species showed no significant change in pigment composition with 
respect to light intensity (Wiginton and McMillan, 1979; Van et al., 
1977). The a_ to _b ratio may also be affected by temperature. Barko and 
Filbin (1983) reported decreasing a to b ratios with increasing tempera­
ture in the freshwater angiosperm Potamogeton nodosus. The lack of a 
seasonal trend in a to b ratios for Zostera and Ruppia was possibly due 
to the opposing influences of light and temperature over the course of 
this study.
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The temperature dependence of photosynthetic capacity (in mg C g- 
dry- * hr- *) has been investigated on an annual basis for both Zostera 
and Ruppia. A population of Zostera in North Carolina showed an in­
crease in from 15 to 22 C, but at 29 C, P_ov was lower than at 15 Cmax * J max
(Penhale, 1977). A similar trend was reported for Zostera in Virginia 
(Wetzel and Penhale, 1983): ^max increased from 1 to 22 C but decreased
at 28 C. Ruppia from the same Virginia location showed increasing Pmax 
from 1 to 28 C. Both of these studies indicated that the optimal 
temperature for Zostera is below 30 C. The present study substantiates 
this claim, and further pinpoints the weight-based optimal temperature 
as below 26 C. The optimal temperature for Ruppia appears to be 26 C or 
above.
Photosynthesis versus temperature (P vs T) curves have also been 
used to describe the temperature dependence of photosynthetic capacity. 
Drew (1979) generated P vs T curves for field-collected material and 
reported a linear relationship up to 20, 25, 30 and 35 C for Zostera
marina, Phyllospadix torreyi, Posidonia oceanica and Cymodocea nodosa, 
respectively. Drew (1978) also reported temperature optima of 30 C for 
both .P. oceanica and C^ . nodosa. Similar research in Alaska (Biebl and 
McRoy, 1971) revealed increasing light-saturated photosynthesis up to 30 
and 35 C for subtidal and intertidal Zostera populations respectively. 
Bulthuis (1983) generated P vs I curves at temperatures of 5 to 40 C for 
the Australian seagrass Heterozostera tasmanica. He reported an optimal 
temperature of 30 C. Marsh et al.(1983) used a similar design for 
Zostera from Massachusetts and reported a temperature optimum of 25 C.
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Although P vs T curves generated from single collections of natural 
samples have been used to establish species differences in temperature 
sensitivity, such data may be confounded by the effects of pretreatment 
(Bennett et al., 1982), The temperature histories of field-collected 
plants may be quite different, so that responses to temperature may not 
be directly comparable. The present data confirm that both growth and 
measurement temperature affected photosynthetic capacity in these sea- 
grass populations. Comparisons of Pmax at similar measurement tempera­
tures on material from dissimilar growth temperatures demonstrate the 
limitations of generating P vs T curves from single plant collections. 
For Zostera, the Pmax measured at 18 C from material collected at 8 C 
was significantly different (P<0.05) from Pmax of material collected and 
measured at 19 C. The former overestimated the latter by nearly 25 %. 
The same measurements made for Ruppia resulted in rates which were not 
significantly different. Measurements made at 29 C on material collect­
ed at 19 C were 78 % higher for Zostera and 84 % higher for Ruppia than 
measurements made on plants collected and measured at 30 C.
Photosynthetic acclimation, defined by Berry and Bjorkman (1980) as 
’environmentally induced changes in photosynthetic characteristics that 
result in an improved performance under the new growth temperature’, may 
occur in plants growing in natural habitats. Consequently, different 
responses may be observed in the same population at different times of 
the year. Drew (1978) demonstrated such an effect in two Mediterranean 
seagrasses. Although C_. nodosa exhibited similar photosynthetic rates 
in spring and summer, the optimal temperature was higher in summer than
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in spring. P^ . oceanica had a similar temperature optimum in both 
seasons, but the rate in summer was twice the rate in spring.
Ruppia and Zostera both exhibited seasonal acclimation of weight-
based photosynthesis. Ruppia had a poor ability to acclimate to low
temperatures; photosynthesis was highest at the highest ambient
temperatures. Zostera photosynthesized at the highest rates at 
intermediate temperatures. At higher and lower temperatures, 
photosynthesis was reduced.
The Q^q ratios of Zostera (Table 4) and Ruppia (Table 5) also 
suggest that both species underwent thermal acclimation during the 
course of this study. The Q^q for both species decreased as ambient
temperature rose, which indicates that different relationships between 
photosynthesis and temperature existed at different times of the year. 
For Zostera, the change was gradual, whereas for Ruppia, Q^q remained at 
a relatively constant value for ambient temperatures of 8  through 19 C, 
and decreased sharply at 23 C. This trend suggests that Ruppia under­
went a rapid change in its physiology, since the 19 and 23 G collections 
were only two weeks apart. Hence it appears that the two species 
differed in the rate of physiological change as temperature and light 
increased during the course of this study.
Another measure of the potential of a plant species for thermal 
acclimation is the ratio of Pmax at two dissimilar growth temperatures 
(Billings et al., 1971; Mooney, 1980). Such a relationship assesses the 
ability of plants to maintain a similar photosynthetic capacity over a 
range of temperatures. A ratio of one indicates perfect thermal acclima­
tion. In the present case, ratios based on chlorophyll are more conserv­
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ative than ratios based on weight, since both species had smaller ranges 
of values for chlorophyll-based measurements. Ratios of chlorophyll- 
based Pmax values at the two temperature extremes measured ( 8 and 30 C) 
were 0.92 and 0.71 for Zostera and Ruppia respectively. Thus Zostera 
had the greater capacity for thermal adjustment. Ruppia was photosyn- 
thetically more responsive to ambient temperatures and was less able to 
maintain a similar photosynthetic capacity at the two temperatures.
The data presented support the hypothesis that seasonal community 
dynamics of Zostera and Ruppia in the lower Chesapeake Bay may be 
regulated by the differing capacities of the two species for photosyn­
thetic temperature acclimation. This differential photosynthetic 
temperature adaptation acts in concert with seasonal patterns of 
temperature to regulate the growth activities of the two species. In 
this manner, resource utilization is temporally partitioned, and 
interspecific competition is reduced.
CONCLUSIONS
Zostera and Ruppia each maintained relatively constant water 
contents, and chlorophyll a_ to _b ratios over the course of this 
study.
The total chlorophyll content (on a weight basis) of Ruppia was 
more responsive than that of Zostera to changes in environmental 
conditions.
Ruppia was photosynthetically more responsive than Zostera to 
ambient temperatures: Ruppia had the greater range of weight- and
chlorophyll-based photosynthetic capacities, and showed more 
within-species differences in response to temperature.
The optimal temperature range of Ruppia was higher than that of 
Zostera for measurements based both on weight and chlorophyll. 
Weight-based measurements showed that the competitive advantage 
shifted from Zostera at lower temperatures to Ruppia at higher 
temperatures. However, chlorophyll-based measurements did not 
follow the same trend. This discrepancy points out the importance 
of examining more than one basis for physiological processes. 
Zostera had the greater capacity for thermal acclimation.
Rates measured at similar measurement temperatures on material from 
dissimilar growth temperatures showed that both growth and 
measurement temperatures influenced photosynthetic capacity. These 
data demonstrate the limitations of investigating temperature 
adaptation from a single collection of plants.
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8 . The inability of Ruppia to acclimate photosynthetically to lower 
temperatures and the poor photosynthetic capacity of Zostera 
relative to Ruppia at higher temperatures are correlated with the 
seasonal growth patterns of the two species.
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ABSTRACT
The photosynthetic and growth responses to temperature of two 
disjunct Massachussetts populations of Zostera marina L. were investi­
gated during July, 1983. Plants were maintained in situ in their native 
coastal or lagoonal habitats, and in temperature-controlled aquaria at 
15 and 25 C . Physiological characteristics of tissue produced after 
two weeks of culture were measured at both 15 and 25 C, and were 
influenced by both growth and measurement temperatures. Regardless of 
culture temperature, plants of both populations had greater light- 
saturated photosynthesis and dark respiration rates when measured at 25 
C than when measured at 15 C. Plants of the two populations grown in 
situ had similar photosynthetic characteristics when measured at 15 C, 
and also when measured at 25 C. However, photosynthetic relationships 
of the two populations differed when plants were cultured under the same 
conditions. The lagoonal plants exhibited a threefold greater accli­
mation potential. Growth and morphology, measured afer four weeks, 
revealed that i_n situ coastal plants had longer shoots with wider and 
thicker leaves, and greater areal leaf production than the in situ 
lagoonal plants. These differences were maintained when plants were 
cultured at 15 C. The 25 C culture condition ultimately resulted in 
complete mortality of both populations. These morphologic, growth and 
photosynthetic data are consistent with the hypothesis that the two 
populations are thermal ecotypes.
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INTRODUCTION
Many plant species which are distributed in a wide variety of 
habitats are composed of ecological races, or ecotypes which are adapted 
to the specific environmental conditions in which they grow. Thermal 
ecotypes have been described in terrestrial plant populations from 
thermally distinct environments (Berry and Bjorkman, 1980). However, 
Mooney (1980) noted that widely distributed species do not necessarily 
show thermal ecotypic differentiation. Consequently, the occurrence of 
a given species in a range of thermal habitats is not a valid predictor 
of the presence of thermal ecotypes. In order to differentiate the 
environmental and genetical contributions of phenotypic responses, it is 
necessary to conduct controlled environment studies.
The marine angiosperm Zostera marina L. (eelgrass) is widely dis­
tributed along the coasts of the Northern Hemisphere in a range of 
habitats which differ in light, salinity, nutrient and temperature 
regimes. Setchell (1920) noted morphogeographical differences in popu­
lations of eelgrass, and proposed that the species included three 
varieties based on leaf width, which he correlated with water tempera­
ture and depth, and substrate type. Phillips & Lewis (1983) noted that 
plants growing in areas of little temperature fluctuation, such as 
Puget Sound, had wide leaves, while plants growing in areas of wide 
temperature ranges, such as the Atlantic coast, had narrower leaves. 
Transplant experiments revealed that both phenotypic plasticity and 
genotypic control of leaf width exist in eelgrass. Phillips et al.
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(1983) suggested that while daylength may be the primary control on 
flowering, differences in the timing of this event probably reflect 
populational differences in temperature requirements for flowering. 
Rasmussen (1977) emphasized the probable role of high temperature stress 
in the 1930s wasting disease of Atlantic populations. He suggested the 
existence of ecological races with different temperature sensitivities, 
especially with respect to the upper thermal limit. Rasmussen further 
speculated that duration and frequency of exposure to high temperatures 
play a role in the mortality of eelgrass.
The effects of temperature on survival, biomass, production and 
photosynthesis have been examined in a number of eelgrass populations. 
Lutova & Feldman (1981) reported that the thermostability of cellular 
functions and proteins was 4 to 5 C lower for Z_. marina than for Z_, 
noltii from the Black Sea. Biebl & McRoy (1971) found differences in 
heat and cold resistance in two morphologically distinct types of eel­
grass in Izembek Lagoon, Alaska. Biomass and photosynthetic character­
istics were described over annual ranges of temperature for North 
Carolina (Penhale, 1977) and Virginia (Wetzel & Penhale, 1983) popula­
tions. In both populations, photosynthetic temperature optima were less 
than 30 C, and seasonal declines in biomass were associated with high 
temperatures. Drew (1979) generated light-saturated photosynthesis 
versus temperature curves from field collected material in California 
and reported a linear relationship up to 20 C, which was the highest 
temperature at which he made measurements. Similar research in Alaska 
revealed increasing photosynthesis up to 30 C and 35 C for subtidal and 
tidepool plants, respectively (Biebl & McRoy, 1971).
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Although photosynthesis versus temperature (P vs T) curves have 
been used to establish differences in the temperature sensitivities of 
plants, Bennett et al. (1982) demonstrated that such data may be con­
founded by the effect of preconditioning. Hence, the responses of 
different field populations to temperature may not be directly 
comparable, since their temperature histories may be quite different. 
Furthermore, seasonal temperature acclimation of plants in natural 
habitats may occur, resulting in different responses by the same 
population at different times of the year (Berry & Bjorkman,1980).
The present study sought to examine whether thermal ecotypes exist 
in two disjunct marina populations growing under different thermal
regimes. Plants were grown in situ and at two different temperature 
regimes in aquaria. The effect of culture temperature and measurement 
temperature on photosynthetic characteristics was determined for plants 
of each culture temperature treatment at each of two measurement temper­
atures. The growth response to culture temperature was also measured. 
Because nutrient availability and composition may also influence photo­
synthesis and growth, ammonium pool sizes of sediments and elemental 
composition of plants from the two sites were compared.
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MATERIALS AND METHODS 
Collection Sites
Plants were collected in late June, 1983 from two southern Cape 
Cod, Massachusetts sites (Figure 1). One site, Great Harbor near Woods 
Hole, is a well mixed coastal environment which supports an extensive 
bed of Z_. marina previously described by Mazzella et al. (1981) and
Dennison and Alberte (1982). Plants were collected from the shallow 
(1.3 m MLW) shoreward edge of the grassbed. Water temperature ranged 
from 17 to 22 C with a median of 20 C, and the average salinity was 31 
°/oo during the experiment. The other site, Bourne Pond near Falmouth, 
is a protected coastal lagoon with shallow water (0.7 m MLW) and a slow 
circulation pattern, populated with Z_. marina and patches of Ruppia 
maritima. At this site, salinity ranged from 22-32 °/oo and water 
temperature ranged from 22 to 27 C, with a median of 25 C.
Plant Material 
_o
Sediment cores of approximately 1 dm containing shoots with 
intact roots and rhizome were placed in plastic pots and transported to 
the laboratory. Leaves were marked for later measurement of growth by 
punching a hole through the blades just above the bundle sheath of each 
shoot. Some cores were returned to their original field sites (in situ 
plants) and the remainder were divided between flowing seawater aquaria 
maintained at either low, 15 C, or high, 25 C, thermal regimes. 
Temperature was controlled to + 2 C by aquaria heaters or cooling coils
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Figure 1. Map of the collection sites.
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—2 — 1attached to a recirculating water bath. Light at 150 pE m sec 
(photosynthetically active radiation) was supplied by GE 150W gro-lite 
bulbs on a 14:10 hour light:dark cycle.
Growth Measurements 
Growth parameters of both in_ situ and aquaria plants were deter­
mined after four weeks. Leaf area (length x width), and weight after 
drying at 80 C were measured for tissue produced before (old) and after 
(new) the leaves were marked. Specific leaf weight was determined as 
dry weight per leaf area of new tissue and leaf production, on an areal 
basis, was calculated as new material produced per shoot per day times 
the number of shoots per m . Relative leaf production was expressed as 
new material (dry weight or leaf area) per total material per day. Leaf 
turnover time in days was calculated as the reciprocal of weight-based 
relative leaf production divided by the number of leaves per shoot. 
Values reported are means +_ SE for ten replicates.
Sediment Ammonium Pools 
Sediment N-NH^ pool sizes of both interstitial and KCl-extractable 
NH^ were determined for each of the growth treatments at the completion 
of the four week experiments. Pore water was extracted from sediments 
by centrifuging at 5000 x g for 15 minutes, and was then diluted with 
aerated distilled water before spectrophotometric analysis of NH^ 
(Solorzano, 1969). Subsamples of sediments were taken to determine the 
KCl-extractable NH^ adsorbed to sediment particles. A 10:1 2N 
KC1:sediment (v/wet wt) suspension was placed on a shaker table for 1 
hour, and then centrifuged at 1500 x g for 5 minutes. The supernatant
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was analyzed for NH^ as above, using a separate standard curve. Dup­
licate analyses were made for both pore water and KCl-extractable NH^ 
and the values presented represent means•
Tissue Elemental Composition 
The carbon and nitrogen compositions of plant tissue collected from 
both field sites at the conclusion of the experiment were also deter­
mined. Plants were separated into leaves, roots, and rhizomes, 
lyopilized at -80 C and 200 millitorr, and ground by milling the tissue 
through 40-mesh screen. Subsamples were combusted at 750 to 950 C and 
processed in an elemental analyzer (Perkin-Elmer, USA). Duplicate 
analyses were performed and the data are presented as means of C:N 
ratios.
Physiological Measurements 
Photosynthetic measurements were conducted on epiphyte—free tissue 
which emerged from the bundle sheath approximately 15 days after leaf 
marking. Two 2 cm leaf segments were placed in a 5 ml chamber surround­
ed by a temperature controlled (_+ 0.05 C) water jacket. A stir bar 
over the Clark-type electrode (Rank Bros., England) insured rapid mixing 
of the filtered seawater media. Light-saturated photosynthetic rates 
(Pmav) and photosynthesis versus irradiance (P vs I) relationshipsUldX
were determined using a projector lamp (Kodak, U.S.A.) and neutral 
density filters. Photosynthetic measurements were made at both 15 and 
25 C on plants from both sites and both culture conditions. 
Chlorophylls jz and b_ were extracted in 90% (v/v) acetone and quantified 
spectrophotometrically (Jeffrey & Humphrey, 1975).
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Photosynthetic parameters were calculated from duplicate P vs I
curves for each treatment. Pmax and respiration values were averaged
from 4 to 8 measurements at the highest light intensities and in the
dark, respectively. A linear regression of photosynthetic rates at
—2 — 1light intensities below 60 pE m sec was used to calculate alpha, the 
initial slope. 1 .^ was derived from the regression as the intersection 
of the initial slope with Pmay. The light compensation intensity, Ic , 
was derived from the regression as the intersection of alpha with zero 
net photosynthesis.
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RESULTS
Growth Characteristics 
Distinct differences were observed in growth characteristics of the 
two in situ eelgrass populations (Table 1). Plants in Great Harbor (GH) 
had longer shoots with wider and thicker leaves than plants in Bourne 
Pond (BP). Leaf production on an areal basis was three times greater at 
GH than at BP; relative leaf production in the GH population was four 
times that of the BP population. However, when expressed on a weight 
basis, relative leaf production was approximately the same for both 
populations. Leaf turnover times were 16 days for both populations.
The BP plants cultured under low temperature (15 C) showed an 
increase of 8 days in leaf turnover time as compared to _in situ BP 
plants. The low temperature GH plants showed increased shoot length and 
specific leaf weight, and decreased relative leaf production as compared 
to the in situ plants. Differences in other growth characteristics, 
within each population, were not statistically significant (P<0.01). 
The differences which existed between Ln situ BP and GH plants were 
maintained when both populations were grown under low temperature 
conditions. The high temperature treatment (25 C) resulted in complete 
mortality of both populations within two weeks of the time the photosyn­
thetic measurements were made.
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Sediment Ammonium Pools 
The ill situ GH sediments had higher values of total NH^ than did 
the in situ BP sediments (Table 2). The same relationship held at the 
high growth temperature. For all culture conditions, the GH sediments 
had greater pore water NH^ values than the BP sediments. Under low 
temperature aquarium culture, sediments of both sites had similar total 
NH^ values. The BP sediment appeared to be less influenced by tempera­
ture of the surrounding water than the GH sediment. The proportion of 
total NH^ which was adsorbed onto particulate matter varied between 
sediment types and temperature treatments.
Tissue Elemental Composition 
Plants from the two sites differed in elemental composition. The 
leaves, roots, and rhizomes of plants collected from BP had lower C:N 
ratios than tissues of plants collected from GH (Table 3). Hence the BP 
plants were composed of a greater proportion of nitrogen, relative to 
carbon, than the GH plants. Plants of both populations contained less 
nitrogen in rhizomes than in leaves or roots.
Photosynthetic Characteristics 
Light-saturated photosynthetic rates (P ), expressed on both 
chlorophyll and leaf area bases, were higher when measured at 25 C than 
at 15 C for both populations, regardless of culture conditions (Table 
4). Plants of both populations grown in situ had approximately three­
fold higher leaf area-based Pmov values when measured at 25 C than when ° max
measured at 15 C. However, due to differences in chlorophyll per leaf 
area between the two populations, the chlorophyll-based Pmax of the BP
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in situ plants measured at 25 C was twice that measured at 15 C, while 
the rate for GH plants was 2.5 times greater at 25 C than at 15 C. This 
greater photosynthetic response of the GH population to temperature is 
more apparent for chlorophyll-based Pmax of aquaria plants measured at 
the temperature at which they were grown. The BP population showed 
similar Pmax values at 15 and 25 C. However, the GH population showed a 
30 % difference between the two temperatures: Pmax at 15 C was 0.13 pmol 
O 2 mg chl-  ^ min~^, while at 25 C it was 0.43 pmol O 2 mg chl*”  ^ min-  ^.
Both populations had similar responses to short-term changes in 
temperature. BP plants grown at the lower temperature had chlorophyll- 
based P_Q„ of 0.56 when measured at 25 C, which was 1.6 times that at 15max
G. GH plants, when examined under identical conditions, showed a two­
fold increase. Growth at the higher temperature, and measurement at the 
lower temperature, resulted in similar decreases of 27 and 30% for GH 
and BP respectively.
Changes in alpha in response to the temperature treatments were 
evident for both populations. The range of values was 0.0029 to 0.0070 
for the BP population and 0.0023 to 0.0094 for the GH population. As 
seen for Pmax, the highest alpha values for all growth conditions were 
those measured at 25 C, and the GH population was more sensitive to 
growth temperature than the BP population. GH plants showed a threefold 
difference in alpha between the 15 C and 25 C treatments, whereas BP 
plants showed only a twofold difference. Both populations showed 
similar decreases in response to decreased measurement temperature, and 
increases in response to increased measurement temperature.
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Both populations had lower 1^ values for in. situ cultured plants
than for either of the two aquaria temperature treatments. BP plants
—2 —  1grown and measured at 15 C had an Ik of 122 pE m sec as compared to
2 —1plants grown and measured at 25 C, which had an 1^ of 78 pE m sec
In contrast, the GH population had the similar 1^ (60 to 67) for both
aquaria treatments. Changes in 1^ in response to short-term increases 
or decreases in measurement temperature were relatively small in all
_2 _ i
cases. Values of IQ ranged from 15 to 29 pE m sec for BP and 15 to 
37 pE m-^ sec-'*' for GH.
Respiration
Respiration values (Table 3) for all culture conditions of both 
populations were higher when measured at 25 C than 15 C. The average 
respiration, measured at 25 C for all growth conditions, was -0.12 pmol 
O 2 mg chl-  ^min- l for BP and -0.10 pmol O 2 mg chl-  ^ min- -*- for GH.
Averaged rates at 15 C were -0.07 pmol O 2 mg chi- '*' min  ^ for both 
populations.
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DISCUSSION
Photosynthetic capacity measured at a given temperature did not 
predict the growth response of the plants at that temperature. The 
photosynthetic responses, measured after two weeks in culture, showed 
that both populations had a higher photosynthetic capacity at 25 C than 
at 15 C. If one assumes that photosynthetic capacity is positively 
correlated with growth, then both populations would be expected to have 
higher growth rates at the higher growth temperature. On the contrary, 
both populations eventually experienced mortality at the higher tempera­
ture. Hence, as suggested by Rasmussen (1977), the length of time 
which plants of this species can tolerate high temperatures is an impor­
tant aspect of their temperature sensitivity. Recovery from heat in­
activation of photosynthetic apparatus is possible upon return of plants 
to lower temperatures (Berry & Bjorkman, 1980). Diurnal or longer term 
temperature fluctuations may have accounted for the tolerance of in_ situ 
BP plants to daytime temperatures as high as 27 C.
Photosynthetic capacity of these two eelgrass populations was in­
fluenced by both measurement temperature and growth temperature. The i_n 
situ GH and BP plants had similar chlorophyll-based P values when
■ lhq.a
measured at 15 C (Figure 2). But when plants grown and measured at 15 C 
are compared, the Pmax values of the two populations differ by 37 %. An 
optimal temperature range may be determined on material from a given 
temperature history, but this range may change as the temperature envi­
ronment changes. Seasonal differences in the temperature dependence of
68
Figure 2. Net photosynthesis versus irradiance curves for Bourne Pond
( • ) and Great Harbor ( x ) plants maintained in_ situ or in a 15 C 
aquarium. Measurements were made at 15 C.
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photosynthesis were noted by Drew (1978) for Mediterranean populations 
of Cymodocea nodosa and Posidonia oceanica.
Morphology, growth and photosynthesis characteristics determined 
under the experimental conditions are consistent with the hypothesis 
that the two Zostera marina populations are thermal ecotypes. Differ­
ences in morphology and growth characteristics documented for plants 
grown iri situ were maintained after four weeks of aquaria culture at 15 
C. The two populations also differed in their physiological responses 
to temperature: photosynthetic relationships of the two populations
differed when plants were grown and measured at the same temperatures 
(Figure 3). The BP population maintained a similar Pmax at 15 and 25 C,. 
but alpha was higher at 25 C, and therefore 1^ . was higher at 15 C, 
whereas the GH population, while also having a higher alpha at 25 C, 
showed great sensitivity of Pmax to temperature and an unchanged 1 .^.
The growth, morphology, and photosynthesis characteristics reported 
may have been affected by differences in nutrient availability or other 
factors between the two sediments. The aquaria plants were maintained 
in intact sediment cores from the native habitats, and gross differences 
were observed in the sediment composition of the two habitats: the GH
site had a predominately sandy sediment, while the BP site had a finer, 
silty sediment. The lower total NH^+ pool sizes of the BP sediments 
would seem to indicate relative paucity of available nitrogen. However, 
only pool sizes of one nutrient species, and not fluxes were determined, 
so that the nutrient regimes of the two sites are incompletely 
described. Furthermore, the elemental analyses of plant material 
collected from both field sites after the conclusion of the experiment
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Figure 3. Net photosynthesis versus irradiance curves for Bourne Pond 
and Great Harbor plants maintained in aquaria and measured at either 15 
( • )  or 25 C ( x ) .
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showed a higher nitrogen content for the BP plants. Hence, the differ­
ences between sites in sediment NH^ pools may have been due to 
differences in eelgrass uptake of nitrogen as well as to temperature- 
mediated differences in microbial processing of nitrogen
Short (1983) showed a relationship between sediment NH^ pool sizes 
and morphology in an Alaska eelgrass population. He described a popula­
tion of thin-leaved, short plants growing in sandy, low NH^ sediments, 
and larger plants growing in muddy, NH^-rich sediments. In the current
.L.
study, lower NH^ concentrations were found in fine, silty sediments 
supporting small plants, and higher concentrations in sandy sediments 
inhabited by larger, plants. Both sediments showed similar NH^ values 
at 15 C, so for this treatment at least, the influence of sediment NH^ 
concentration is probably negligable.
The thermal acclimation potentials of the two populations de­
scribed here may be compared by using the ratio of photosynthetic 
capacity at two dissimilar growth temperatures (Mooney, 1980). This 
describes the ability of the plants to maintain a similar Pmax over a 
range of temperatures; a ratio of one indicates perfect acclimation. The 
ratio of chlorophyll based Pmax at the two temperatures (15 C/25 C) was 
0.97 for BP and 0.29 for GH, indicating a more developed thermal 
response in the BP population. The acclimation potentials of the two 
populations appear to reflect the different thermal regimes of the two 
habitats. The GH population is exposed to a more slowly changing summer­
time temperature regime, and so growth temperature strongly influenced 
photosynthetic capacity. The BP population is exposed to an equal or
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greater annual temperature range (0 to 27 C), and to a more variable 
summertime temperature regime. This population has probably adapted to 
a variable temperature environment by 'averaging' the external signal to 
maximize photosynthesis over a range of temperatures.
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